transcript abundances and can be used to detect loci which affect many transcript 9 6 levels and transcriptional pathways (Jansen and Nap 2001). We found that the let-
60(gf) mutation mainly reveals novel trans-eQTL, which are eQTL distant from the 9 8 regulated gene. In contrast, cis-eQTL -genes that co-localize with the eQTL -were 9 9
mostly independent of the let-60(gf) mutation. Of the trans-eQTL, 77 genes have an that amx-2 indirectly affects gene expression mapping to this trans-band. General methods and strains used 1 0 7
The strains MT2124 (N2 background with the let60(n1046) gain of function mutation) 1 0 8
and CB4856 were used, as were 33 miRILs described previously (Schmid et al. regarding the construction of these lines, see (Schmid et al. 2015) .
Strains were maintained on NGM agar seeded with OP50 bacteria at 20°C,
strains were age-synchronized by bleaching and were harvested 72 hours post from ~4 separate 9 cm NGM plates. RNA isolation, cDNA synthesis, and cRNA synthesis
The RNA of the samples was isolated using the RNEasy Micro Kit from Qiagen Tissues' protocol with a modified lysing procedure. As prescribed, 150 µl RLT buffer 1 2 3
and 295 µl RNAse-free water were used to lyse the samples, but with an addition of 1 2 4 800 µg/ml proteinase K and 1% ß-mercaptoethanol. This suspension was incubated Germany). Thereafter the protocol as supplied by the manufacturer was followed. For gene-expression analysis 200 ng of RNA (as quantified by NanoDrop) was Clara, CA, USA). The Agilent C. elegans (V2) Gene Expression Microarray 4X44K slides were used to 1 3 4 measure gene expression. As recommended by the manufacturer, the samples were intensities were extracted using Agilent Feature Extraction Software (version 1 3 7
10.7.1.1). The data was normalized using the Limma package in "R" (version 3.3.0 1 3 8 x64). For within-array normalization the 'Loess' method was used and the 'Quantile' Previously, the strains were genotyped with 73 fragment length polymorphisms (FLP) 1 4 5 markers (as described in (Schmid et al. 2015; Zipperlen et al. 2005) ) (Supplemental In order to increase the resolution of the genetic map, cis-eQTL of a large C. where Y stands for the untransformed intensities of strain x and spot i (1, 2, 3, ..., Trans-bands were identified based on a Poisson-distribution of the mapped
trans-eQTL (as in (Rockman et al. 2010) more than 38 trans-eQTL would yield a significance of p < 0.001. In this way, 6 trans-
band loci were identified.
3 7
Comparative analysis against previous eQTL experiments was done on re- conditions over the course of a heat-shock treatment: a control condition (L4 animals and exposed to 2h of 35 o C), and a recovery condition (similar to heat-shock, only followed by 2h at 20 o C) (Snoek et al. 2017 In order to further compare the trans-eQTL overlap, it was investigated whether the
trans-eQTL co-localized on the same chromosome. Using that criterion, ~9% (80 out 3 4 0 of 898) of the genes with a trans-eQTL were found in a previous study. This showed 3 4 1 that the majority of the genes with a trans-eQTL were specifically detected in the interaction between the genetic background and the let-60(gf) mutation.
4 8
Together, we identified 404 genes with a novel cis-eQTL and 684 genes with a 3 4 9
novel trans-eQTL ( Figure 3A) . As our method can be biased by the way the genetic 3 5 0 map was constructed (using expression differences, see Materials and methods),
we conducted the same analyses using the original FLP map. Our conclusions on the
detection of novel cis-and trans-eQTL were not affected depending on the genetic of trans-eQTL showed a mutation dependent induction. This is also illustrated by
showing the eQTL that were consistently found ( Figure 3B ), which mainly shows the
cis-diagonal and a few trans-eQTL. Enrichment analysis on groups of genes with an eQTL mapping to the same trans-
band can be used to uncover the functional consequences of the allelic variation at 3 6 1 the selected locus. Enrichment analysis was done on GO-terms, KEGG, Anatomy-
terms, disease phenotypes, development expression, phenotypes, transcription-
factor binding sites, and RNAi phenotypes (Supplemental table S6).
The genes with cis-eQTL were enriched for genes in the gene classes: math,
bath, btb, and fbx. These classes contain many genes that function as intra-and highly polymorphic between N2 and CB4856, but also between other wild-isolates Allelic effect of amx-2 on gene expression
The trans-band on chromosome I:12-15Mb co-localizes with a previously identified
QTL for vulval induction, for which amx-2 was identified as polymorphic regulator were affected by the allelic difference between N2 and CB4856, we measured gene were created and the transcriptome was measured using microarrays (Schmid et al. variants. Furthermore, analysis of the effect directions showed that the trans-band on figure S4) ; the first co-localizing with amx-2 and the second lying more distal on 3 9 2 chromosome I.
o f 3 5
To further investigate the mechanism by which amx-2 modifies let-60
Ras/MAPK signalling, we used the well-established C.elegans connectivity networks 2003). WormNet showed that the genes mapping to the amx-2 locus were more
connected than expected by chance (p < 3*10 -13 ). Visualising the connectivity of 3 9 8
these genes together with amx-2 and let-60 using GeneMANIA identified one major were not connected and those that were connected had only one to three 4 0 3
connections. Interestingly, let-60 was at the core of the cluster of genes with a trans-
eQTL, whereas amx-2 was at the periphery. We found six genes, lin-40 (also called shown by the strong effect on vulva development in C. elegans (Beitel et al. 1990 ). average, the VI in the miRIL population varied from 3.0 to 5.7 induced vulval cells,
illustrating the strong modulatory effect of the genetic background on the mutant The let-60(gf) mutation affects gene expression in trans
To our knowledge this is the first study where a mutation, introgressed into a panel of
RILs, is used to investigate the genetic architecture of transcript variation by eQTL
analysis. Unfortunately, the direct effect of the let-60(gf) allele on the genetic
background is impossible to determine in this population, since there is no population
with the same genetic background lacking the let-60(gf) mutation. Therefore we used 4 2 9
previously published eQTL studies in C. elegans as estimation for the miRIL specific number of strains, the verification of identified eQTL against other eQTL studies in C.
elegans shows that at least 73% of the identified cis-eQTL were discovered before.
3 5
This supports our power analysis, showing that our study has enough statistical 4 3 6
power to detect eQTL with larger effects.
3 7
Given that cis-eQTL are most likely genes with polymorphisms in or near the 4 3 8
gene itself, it is expected that most are discovered before. In support, most of the cis-
eQTL genes show higher expression in N2, making it likely that a relatively large part Compared to cis-eQTL, the trans-eQTL identified in the miRIL population were is likely that most of these eQTL would be detected. This makes it likely that many of with the genetic background. Using the same let-60(gf) miRIL population, we have previously identified the 4 7 6 polymorphic monoamine oxidase amx-2 as a background modifier that negatively
regulates the Ras/MAPK pathway and the VI phenotype (Schmid et al. 2015) . The at the amx-2 locus is mostly negative, whereas for the more distal part of the original attempted to link the allelic effect of amx-2 to the trans-eQTL mapping to the amx-2 4 9 2 locus. As a significant correlation between the expression differences in the 4 9 3
transgenic lines and the trans-eQTL effects mapping to the amx-2 locus is found,
these trans-eQTL can be confidentially linked to allelic variation in amx-2. As 4 9 5 discussed before, it is unlikely that amx-2 is the direct cause of the transcriptional
variation, but rather acts through an indirect mechanism. One route of effect might be 4 9 7
through amx-2 mediated degradation of serotonin (5-HT) to 5-HIAA, which both affect as well as a decreased VI for that genotype.
0 2
As this places amx-2 in the causal chain of events, we think it is most likely more likely mechanism of action than the molecular role of amx-2 itself. How can our results help a better understanding of the Ras/MAPK pathway? Our
previous investigation on VI in the miRIL population resulted in the identification of
three QTL harbouring polymorphic Ras-signalling modifiers. Expanding our research 5 1 9
to genetic variation affecting gene expression in a let-60(gf) sensitized RIL population
uncovered six trans-bands (or 'eQTL hotspots'). As mentioned before, these trans- associated phenotypic differences.
The main advantage of studying the genetic architecture of gene expression in
the miRIL population is that it creates more insight in the genes and pathways in mutant phenotypes could be predicted from gene expression variation (Vu et al. specifically, these differences seem to stem from a couple of modifier loci harbouring 5 4 2 polymorphic regulators.
4 3
So far, we only explored the amx-2 trans-band, and it is likely that the other
loci also contain polymorphic modifiers of the Ras/MAPK pathway. Genetic modifiers. Given the fact that we detected amx-2 both via an indirect transcriptional
response, but also mechanistically, we feel confident that the detected loci indeed characterize these underlying polymorphic regulators. is unlikely that amx-2 directly affects gene expression variation. Instead, we prefer possibly through the NURD complex. All strains used can be requested from the authors. The transcriptome datasets 5 6 9 generated and the mapped eQTL profiles can be interactively accessed via
http://www.bioinformatics.nl/EleQTL. Moreover, the raw transcriptomic data is also
available at ArrayExpress (E-MTAB-5856) based genetic map. Supplemental figure S1: Between-marker correlations of the genotypes in the let- is indicated by colour (orange for N2 and blue for CB4856). found cis-eQTL. On the x-axis the QTL position in the sensitized RIL population is shown, on the y-axis the QTL position in the compared experiment is shown. Therefore, a point on the diagonal indicates a QTL mapped to the same position. The Constitutively found trans-eQTL, annotations are the same as in (B). of the eQTL effects and transgene effects for eQTL in QTL1c. based and the correlation value is given, as well as the assigned genotype. shown (at -log10(p) > 3.2). Also the fractions of the total are given. The quantiles of 6 2 6
the effect estimation are listed as well as the quantiles of the 'detected peak'-'true 6 2 7
peak' distance. confidence interval are given (based on a 1.5 LOD drop), the peak significance, its 6 3 2 effect, and the variation explained by the QTL. The effect direction indicates higher in (name, and location). H e r m a n , co-localizing with amx-2 were selected together with amx-2 (yellow) and let-60 (pink). names (as well as amx-2). 
